The primary goal of mitosis is to partition duplicated chromosomes into daughter cells. Eukaryotic chromosomes are equipped with two distinct classes of intrinsic machineries, cohesin and condensins, that ensure their faithful segregation during mitosis. Cohesin holds sister chromatids together immediately after their synthesis during S phase until the establishment of bipolar attachments to the mitotic spindle in metaphase. Condensins, on the other hand, attempt to "resolve" sister chromatids by counteracting cohesin. The products of the balancing acts of cohesin and condensins are metaphase chromosomes, in which two rod-shaped chromatids are connected primarily at the centromere. In anaphase, this connection is released by the action of separase that proteolytically cleaves the remaining population of cohesin. Recent studies uncover how this series of events might be mechanistically coupled with each other and intricately regulated by a number of regulatory factors.
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I n eukaryotic cells, genomic DNA is packaged into chromatin and stored in the cell nucleus, in which essential chromosomal processes, including DNA replication and gene expression, take place ( Fig. 1, interphase) . At the onset of mitosis, the nuclear envelope breaks down and chromatin is progressively converted into a discrete set of rod-shaped structures known as metaphase chromosomes (Fig. 1, metaphase) . In each chromosome, a pair of sister kinetochores assembles at its centromeric region, and their bioriented attachment to the mitotic spindle acts as a prerequisite for equal segregation of sister chromatids. The linkage between sister chromatids is dissolved at the onset of anaphase, allowing them to be pulled apart to opposite poles of the cell (Fig. 1, anaphase) . At the end of mitosis, the nuclear envelope reassembles around two sets of segregated chromatids, leading to the production of genetically identical daughter cells (Fig. 1, telophase) .
Although the centromere-kinetochore region plays a crucial role in the segregation process, sister chromatid arms also undergo dynamic structural changes to facilitate their own separation. Conceptually, such structural changes are an outcome of two balancing forces, namely, cohesive and resolving forces (Fig. 1 , top left, inset). The cohesive force holds a pair of duplicated arms until proper timing of separation, otherwise daughter cells would receive too many or too few copies of chromosomes. The resolving force, on the other hand, counteracts the cohesive force, reorganizing each chromo-some into a pair of rod-shaped chromatids. From this standpoint, the pathway of chromosome segregation is regarded as a dynamic process, in which the initially robust cohesive force is gradually weakened and eventually dominated by the resolving force. Almost two decades ago, genetic and biochemical studies for the behavior of mitotic chromosomes converged productively, culminating in the discovery of cohesin (Guacci et al. 1997; Michaelis et al. 1997; Losada et al. 1998 ) and condensin (Hirano et al. 1997; Sutani et al. 1999) , which are responsible for the cohesive and resolving forces, respectively. The subsequent characterizations of these two protein complexes have not only transformed our molecular understanding of chromosome dynamics during mitosis and meiosis, but also provided far-reaching implications in genome stability, as well as unexpected links to human diseases. In this article, I summarize recent progress in our understanding of mitotic chromosome dynamics with a major focus on the regulatory networks surrounding cohesin and condensin. I also discuss emerging topics and attempt to clarify outstanding questions in the field.
SUBUNIT ORGANIZATION OF COHESIN AND CONDENSINS
Cohesin and condensin are two distinct classes of protein complexes, yet they are structurally related to each other ( Fig. 2 ) (reviewed by Peters et al. 2008; Hirano2012) . Thecore ofeachcomplex is a heterodimeric pair of structural maintenance of chromosomes (SMC) ATPase subunits; cohesin contains a pair of SMC1 and SMC3, whereas condensin contains a pair of SMC2 and SMC4. The regulatory subunits of cohesin and condensin are also distantly related to each other. Cohesin contains a member of the kleisin family (Rad21/Scc1/Mcd1) and a HEAT (Huntingtin, elongation factor 3, A subunit of protein phosphatase 2A, TOR)-repeat-containing subunit (SA/Scc3). On the other hand, the canonical condensin complex (now known as condensin I) contains a kleisin subunit (CAP-H) and a pair of HEAT subunits (CAP-D2 and CAP-G). It has turned out that many, if not all, eukaryotic species have a second condensin complex (condensin II) that shares the same pair of SMC subunits with condensin I, but has a distinct set of regu- Overview of chromosome dynamics during mitosis. In addition to the crucial role of kinetochorespindle interactions, an intricate balance between cohesive and resolving forces acting on sister chromatid arms (top left, inset) underlies the process of chromosome segregation. See the text for major events in chromosome segregation.
T. Hirano latory subunits, namely, a kleisin subunit (CAP-H2) and a pair of HEAT subunits (CAP-D3 and CAP-G2). As discussed below, the cohesin complex has a number of additional regulatory factors, some of which loosely associate with the complex (e.g., Wapl-Pds5 and sororin).
COHESIN ESTABLISHES SISTER CHROMATID COHESION DURING S PHASE
Cohesin starts to associate with chromatin during G 1 phase and establishes sister chromatid cohesion during S phase (Fig. 3A,B) . It remains to be fully elucidated what really happens at this transition at a mechanistic level. Early studies had pointed out the involvement of a specialized class of acetyltransferases (Eco1/Ctf7 in budding yeast; ESCO1 and ESCO2 in vertebrates) (Ivanov et al. 2002; Bellows et al. 2003) . A series of subsequent studies showed that two conserved residues in SMC3 are the essential targets of the Eco1/ESCO1 acetyltransferase, and the acetylation reactions are indeed essential for cohesion establishment in budding yeast (Ben-Shahar et al. 2008; Unal et al. 2008 ) and humans (Zhang et al. 2008) . More recently, the deacetylase that reverses this reaction has been identified as Hos1 in budding yeast (Beckouët et al. 2010; Borges et al. 2010; Xiong et al. 2010) and HDAC8 in humans (Deardorff et al. 2012) . It has been proposed that the deacetylation reaction plays an important role in "recycling" used cohesin complexes for the next cell cycle. It is also important to note that deficiencies in this acetylation/deacetylation cycle of cohesin cause developmental diseases in humans, such as Roberts syndrome (Vega et al. 2005) and Cornelia de Lange syndrome (Deardorff et al. 2012) .
Cohesin acetylation and active DNA replication further recruit another protein called sororin to the cohesion sites (Lafont et al. 2010; Nishiyama et al. 2010 Substantial lines of evidence have accumulated that the tripartite ring of cohesin (composed of SMC1-SMC3-Rad21/Scc1) encircles two sister DNAs to hold them together (reviewed by Nasmyth 2011). The role of the fourth subunit of cohesin, stromal antigen (SA)/Scc3, is least understood. Moreover, vertebrate cells have three paralogs of SA (also known as STAG), which include two mitotic forms (SA1 and SA) and one meiotic form (SA3). An early study had shown that the relative ratio of SA1 to SA2 appears to differ among different cell types (Losada et al. 2000) . Then many important questions arise. Why do vertebrate cells have two different mitotic paralogs? Do they have unique functions in mitotic chromosome dynamics? A recent study shed light on these questions by providing evidence that cohesin-SA1 and -SA2 are differentially required for telomere cohesion and centromere cohesion, respectively, in HeLa T. Hirano cells (Canudas and Smith 2009) . Consistently, cells derived from SA1-null mice display defects in telomere cohesion, causing a high incidence of aneuploidy (Remeseiro et al. 2012a ). Moreover, a genome-wide analysis of distribution of SA1 and SA2 revealed a unique role of cohesin-SA1 in gene regulation, such as at the c-myc and protocadherin loci (Remeseiro et al. 2012b ). It has also been reported that targeted inactivation of SA2 in a human cell line causes cohesion defects and aneuploidy (Solomon et al. 2011 ). In the future, it will be of importance to determine how cohesin-SA1 and -SA2 are targeted to specific loci at a mechanistic level, although there is evidence that SA1 might use its AT-hook motif for telomere binding (Bisht et al. 2013 ).
CONDENSIN II INITIATES ITS ACTION LONG BEFORE ENTRY INTO MITOSIS
Early studies showed that cell-cycle dynamics of condensins I and II are radically different from each other in HeLa cells (Hirota et al. 2004; Ono et al. 2004 ). For instance, condensin II is already nuclear during interphase, whereas condensin I is sequestered into the cytoplasm until the nuclear envelope breaks down at prometaphase. Then, what might condensin II do during interphase? A recent study has shown that condensin II initiates its action during S phase and counteracts cohesin-mediated cohesion (Fig. 3B ) (Ono et al. 2013) . A combination of two functional assays, premature chromosome condensation (PCC) and fluorescence in situ hybridization (FISH), revealed that condensin II associates with duplicated regions of chromosomes and promotes their "resolution" during S phase. In other words, contrary to popular views, sister chromatid cohesion is not a oneway process supported by cohesin; rather, the distance between sister chromatids is determined by the balancing acts of cohesin-mediated cohesion and condensin II -mediated resolution (Fig. 4A) .
Although it remains unknown how condensin II might be targeted to duplicated regions of chromosomes during S phase, its negative regulator has been identified from an unexpected path of investigation. MCPH1 is a BRCA carboxy-terminal (BRCT) domain-containing protein whose mutations cause a neurodevelopmental disorder, known as primary microcephaly, in humans (reviewed by Thornton and Woods 2009 ). The original observation that MCPH1 patient cells display PCC in G 2 phase led to the realization that MCPH1 could play a role in suppressing premature activation of condensin II during interphase (Trimborn et al. 2006) . A more recent study using Xenopus egg extracts has provided evidence that human MCPH1 indeed acts as a highly specific and potent inhibitor of condensin II, but not of condensin I (Yamashita et al. 2011) . MCPH1 is ubiquitously expressed, and MCPH1-knockout mice are viable, albeit displaying microcephaly (Gruber et al. 2011) . Why MCPH1 mutations cause specific developmental defects in the brain, but not in other tissues, is an interesting topic for future studies. A recent series of genetic studies in Drosophila melanogaster has shed additional and important insights into the role of condensin II subunits in regulating interphase chromatin architecture. In this organism, homologous chromosomes are paired in diploid somatic cells, leading to a specialized gene regulatory event, known as transvection, in which a gene is transcriptionally activated or repressed in trans by regulatory elements located on the homologous chromosomes. Remarkably, condensin II subunits have been shown to play a role in antagonizing transvection (Hartl et al. 2008) , as well as somatic homolog pairing (Joyce et al. 2012) . Moreover, condensin II subunits apparently contribute to chromosome territory formation in polyploid nurse cells (Bauer et al. 2012) . Taken all together, it is reasonable to speculate that condensin II regulates not only the resolution of sister chromatids within individual chromosomes, but also the disruption of interchromosomal interactions within the interphase nucleus. Evidence has also been provided that such interphase functions of condensin II are down-regulated by the SCF slimb ubiquitin ligase complex (Buster et al. 2013) . It remains to be clarified, however, whether Drosophila indeed has a conventional type of condensin II because the Cap-G2 gene is apparently missing in its genome (Herzog et al. 2013 ).
PROPHASE CONDENSATION MEDIATED BY CONDENSIN II COINCIDES WITH RELEASE OF COHESIN FROM CHROMOSOME ARMS
Although condensin II participates in regulating interphase chromosome architecture, it is difficult to visualize such contribution by conventional staining with DNA-binding dyes under normal conditions in diploid cells. An early stage of chromosome condensation becomes discernible only after mitotic prophase (Kireeva et al. 2004 ) and this process, too, is mediated by condensin II (Fig. 3B,C) (Hirota et al. 2004; Ono et al. 2004) . Recent studies have reported that this process depends on Cdk1-and Mps1-mediated phosphorylation of the subunits of condensin II (Abe et al. 2011; Kagami et al. 2014) . Mechanistically how condensin II might initiate prophase condensation remains unknown because no biochemical activities associated with condensin II have been reported to date. It is nonetheless tempting to speculate that the Cdk1-mediated phosphorylation stimulates a ( putative) supercoiling activity of condensin II and thereby promotes structural reorganization of chromosomes, as had been shown for condensin I (Kimura et al. 1998; StPierre et al. 2009 ).
At the same time, when condensin II starts to act on prophase chromosomes, most cohesin is released from their arms, thereby weakening the physical linkage between sister chromatids (Fig. 3B,C ). An outcome of the two temporally coordinated events is the appearance of individual chromosomes, in which a pair of sister chromatids becomes discernible from each other, a process known as sister chromatid resolution (reviewed by Shintomi and Hirano 2010) . Early studies had suggested that direct phosphorylation of cohesin subunits by Plk1 might promote release of cohesin from chromosome arms (Losada et al. 2002; Sumara et al. 2002) . However, this process turned out to be much more complex, requiring a specialized releasing factor, Wapl (Gandhi et al. 2006; Kueng et al. 2006) , and its partner, Pds5 (Shintomi and Hirano 2009) .
A pair of recent structural studies uncovered that the carboxy-terminal domain of Wapl is composed of HEAT repeats (Chatterjee et al. 2013; Ouyang et al. 2013 ), a repeat motif also found in Pds5. The interaction of Wapl-Pds5 with the cohesin complex is multilayered and highly complex: Wapl, for instance, interacts not only with its regulatory subunits (SA1-Rad21/Scc1) (Gandhi et al. 2006; Shintomi and Hirano 2009 ), but also with the SMC3 head domain (Chatterjee et al. 2013 ). It will be of great interest and importance in the future to understand why HEAT repeats are found in many components of the cohesion and condensation machinery (Fig. 2) , and how they might work at a mechanistic level.
CONDENSIN I ASSOCIATES WITH CHROMOSOMES IN PROMETAPHASE AND SHAPES MITOTIC CHROMOSOMES
As mentioned above, unlike condensin II, condensin I is sequestered into the cytoplasm during interphase and associates with chromosomes only after nuclear envelope breakdown (NEBD) at prometaphase (Fig. 3C,D) . Such a difference in the subcellular localization of condensins I and II is widely observed among Xenopus egg extracts , mouse oocytes (Lee et al. 2011) , and even evolutionarily distant organisms, such as the primitive red alga Cyanidioschyzon merolae (Fujiwara et al. 2013) , implicating its fundamental importance. Although it has been speculated that the differential regulation of the two condensin complexes could help specify their sequential actions (i.e., condensin II first, condensin I later), the physiological significance for such a mechanism remains to be fully understood. In this sense, it is important to note that, as judged by a fluorescence recovery after photobleaching (FRAP) analysis, condensin I interacts with metaphase chromosomes in a more dynamic manner than condensin II does (Gerlich et al. 2006a) .
Then, how might the two condensin complexes coordinate the process of mitotic chromosome assembly? An early study showed that depletion of condensin I -or II-specific subunits in HeLa cells causes highly characteristic and distinct defects in metaphase chromosome architecture (Ono et al. 2003) . A pair of recent studies has addressed the same question by using quantitative immunodepletion in Xenopus egg extracts and conditional knockdown in chicken DT40 cells ). Data from the two studies uncovered, again, seemingly distinct functions of the two condensin complexes: Condensin II primarily contributes to axial shortening of chromosomes, whereas condensin I supports their lateral compaction (Fig. 4B) . Thus, the relative ratio (and/or activity) of condensin I to II is likely to function as one of the key determinants in shaping metaphase chromosomes. This notion also provides a starting point for readdressing the long-standing question of how chromosome scaling and shaping might be regulated in a developmental stage-specific manner among different organisms.
From an evolutionary point of view, it is important to note that condensin II is absent in some species, including fungi (Hirano 2012) . Moreover, the condensin II-specific subunits apparently play less-important roles than the condensin I-specific subunits during the mitotic chromosome cycle in organisms, such as Drosophila (Savvidou et al. 2005; Herzog et al. 2013) , Arabidopsis thaliana (Sakamoto et al. 2011) , and C. merolae (Fujiwara et al. 2013) . Consistent with this view, genome-wide screens for genes affecting chromosome condensation in yeasts and Drosophila have identified condensin I and topoisomerase II (Hirano et al. 1986; Samejima et al. 1993; Goshima et al. 2007; Petrova et al. 2012) , implicating that no more "major" condensation factors remain to be discovered, at least in these organisms. The situation could be different in organisms with larger genomes, however. For instance, it has been reported that KIF4, a chromokinesin, contributes to chromosome condensation and shaping in humans (Mazumdar et al. 2004 ) and chickens . The mechanism by which this microtubule motor protein might regulate chromosome architecture remains unknown.
The molecular picture of how the localization and activities of condensin I might be regulated is far from complete, although numerous studies have identified involvement of multiple mitotic kinases, including Cdk1 (Kimura et al. 1998; St-Pierre et al. 2009 ), Aurora B (Lipp et al. 2007; Collette et al. 2011; Nakazawa et al. 2011; Tada et al. 2011) , and Polo-like kinase (St-Pierre et al. 2009 ). Sumoylation has also been implicated in the function of condensin in ribosomal DNA (rDNA) maintenance (Takahashi et al. 2008 ) and kinetochore localization (BachellierBassi et al. 2008 ) in budding yeast. It is noteworthy that, unlike the case of cohesin, no specialized loading or dissociating factors have, so far, been identified for condensins. One potential explanation for this might be that cohesin's association with chromatin is far less dynamic than condensin's (Gerlich et al. 2006a,b) , and even a subtle change in cohesin's dosage has a big impact on its chromosomal functions (Gause et al. 2010; Heidinger-Pauli et al. 2010) . Thus, it is most likely that cohesin demands a much tighter level of regulation compared with condensins.
SEPARATION AND DYNAMICS OF SISTER CHROMATIDS IN ANAPHASE
As mentioned above, although the coordinated action of Wapl-Pds5 and mitotic kinases, such as Plk1 and Aurora B, promotes release of bulk cohesin from chromosome arms, a residual level of cohesin is protected from this reaction by Sgo1-PP2A, remaining bound primarily at centromeres (Kitajima et al. 2006) . At the onset of anaphase, this subpopulation of cohesin is proteolytically cleaved by the action of separase (Uhlmann et al. 1999) , leading to the final and irreversible separation of sister chromatids (Fig.  3D,E) . The protease activity of separase is negatively regulated by a protein known as securin, which itself is the target of the anaphase-promoting complex/cyclosome (APC/C). A recent work has shown that an autocleaved form of separase directly inhibits Cdk1 activity, thereby coordinating cohesin cleavage and cell-cycle progression (Shindo et al. 2012) .
How do chromosome arms behave after the onset of anaphase when they are being transported into opposite poles? A series of recent studies has started to shed new light on this hitherto underappreciated question. For instance, a small yet substantial amount of cohesin remains to hold sister chromatid arms even after anaphase onset, thereby contributing to the coordination of their gradual separation and spindle elongation (Fig. 4C) . It is most likely that Sgo1 plays a role in retaining this population of cohesin along arms, which is eventually cleaved by separase Harrison et al. 2009 ). Likewise, strong lines of evidence indicate that the final separation of sister arms requires continuous actions of condensin and topoisomerase II throughout anaphase (Renshaw et al. 2010; Nakazawa et al. 2011; Tada et al. 2011) . Comparison of biophysical properties between metaphase and anaphase chromatids by mechanical stretching experiments (Marko 2008 ) might be an interesting direction in the future.
RESOLVING AND SEGREGATING DIFFICULT REGIONS OF CHROMOSOMES
In many organisms, deficiency in condensin functions leads to a failure in anaphase chromosome segregation that is manifested by the formation of the so-called anaphase bridges (e.g., Hudson et al. 2003) . The formation of anaphase bridges is likely to be a consequence of defects in resolving sister chromatids by metaphase. Consistent with this view, similar defective phenotypes are often observed in cells deficient in topoisomerase II. More recently, Chan et al. (2007) described a novel, hitherto unrecognized type of anaphase bridges, termed ultrafine DNA bridges (UFBs), that is observed even in normal cells (Chan et al. 2007) . Unlike the conventional anaphase bridges, UFBs are not detectable with commonly used DNA dyes: they are instead recognized as "thread-like" structures decorated with antibodies against BLM (a RecQ helicase mutated in the Bloom's syndrome) and PICH (an SNF2-like helicase).
Subsequently, studies have shown that there are at least two different classes of UFBs (reviewed by Chan and Hickson 2011) . The first class is derived primarily from centromeres whose resolution is delayed until anaphase onset (Fig. 5A) . It is tempting to speculate that T. Hirano these "difficult-to-resolve" regions require an additional time and mechanism that could involve the BLM complex containing topoisomerase III. It is also important to note that centromeric regions are rich in repetitive sequences in animal cells, possibly involving a substantial level of recombination events even under unperturbed conditions. Intriguingly, it has been reported that depletion of SMC2, a core subunit of condensins I and II, increases the frequency of UFBs (Lukas et al. 2011) .
The second class of UFBs is often produced at common fragile sites (CFSs), chromosomal regions that are prone to form breaks or gaps The first class of UFBs (non-Fanconi anemia (FA)-UFBs), primarily containing centromeric regions, is observed even under unperturbed conditions. It is hypothesized that inefficient decatenation (or incomplete processing of recombination intermediates) at centromeres generates such UFBs, which are subsequently resolved by the combined action of topoisomerase II and BLM. (B) The second class of UFBs is observed frequently under replication stress, especially at common fragile sites (CFSs). The unique feature of this class of UFBs (FA-UFBs) is that the FA protein FANCD2 localizes to the termini of BLM-PICHpositive bridges. The bridges could be resolved during anaphase as above, or cleaved and repaired in subsequent G 1 phase. (C) Alternatively, if the FACND2-positive replication intermediates are cleaved by the action of the MUS81-EME1 nuclease before metaphase, the resulting chromosomes display chromatid gaps or breaks characteristics of CFSs (i.e., CFS breakage). ssDNA, single-stranded DNA.
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Cite this article as Cold Spring Harb Perspect Biol 2015;7:a015792 during mitosis, in particular, following replication stress (reviewed by Debatisse et al. 2011; Ozeri-Galai et al. 2012) . In this class of UFBs (Fig. 5B) , Fanconi anemia (FA) proteins FANCD2 and FANCI are found at the termini (but not the bridge per se) of the bridges (Chan et al. 2009 ), implicating that they may be derived from replication intermediates created under replication stress. On the other hand, it has recently been shown that the MUS81-EME1 nuclease is responsible for chromatid breakages observed at CFSs (Fig. 5C) (Naim et al. 2013; Ying et al. 2013) . Taken all together, mitotic cells could manage to separate replication intermediates through two alternative mechanisms: one is MUS81-mediated DNA cleavage, resulting in CFS breakage, and the other is BLM-mediated dissolution, involving UFB formation. It will be of great interest to determine whether condensins might contribute to either one or both of these processes and, if so, how. In a yeast model system for studying CFSs, CFS breakage has been shown to depend on condensin and topoisomerase II (Hashash et al. 2012) . Conversely, an early study implicated the role of cohesin in suppressing CFS breakage in human cells (Musio et al. 2005) .
COORDINATING CHROMOSOME SEGREGATION WITH CYTOKINESIS
Segregating chromosome arms in late anaphase must clear the path of the cleavage furrow before the onset of cytokinesis. If such temporal coordination were compromised, the cleavage furrow would "cut" lagging chromosome arms, resulting in segregation errors and DNA damage. To avoid these potential problems, eukaryotic cells have evolved a surveillance mechanism (known as the "NoCut pathway" in yeast and the "abscission checkpoint" in humans) that generates a signal to delay cytokinesis until chromosome segregation is complete (Norden et al. 2006; Steigemann et al. 2009 ). Aurora B, which localizes to the spindle midzone in anaphase, plays an important role in this surveillance mechanism both in yeast and humans, although their downstream effects apparently differ between the two organisms. A recent study in C. elegans has shown that condensin I, but not condensin II, localizes to the spindle midzone in anaphase in an Aurora B-dependent manner (Bembenek et al. 2013) . Loss of condensin I not only causes the formation of anaphase chromosome bridges, but also destabilizes the cleavage furrow, resulting in abnormal cytokinesis. Thus, condensin I appears to help generate a signal that delays cytokinesis. Consistent with this view, a subfraction of condensin has also been localized to the spindle midzone in fission yeast (Nakazawa et al. 2011) . In retrospect, it is no mere coincidence that the original condensin mutants in fission yeast were isolated as those displaying the so-called "cut" phenotype, in which cytokinesis abnormally proceeds without proper segregation of chromosomes (Hirano et al. 1986 ). Elucidating the architectural and signaling network that coordinates chromosome segregation with cytokinesis will be an exciting topic in the field of mitosis.
CONCLUDING REMARKS
In this article, I have briefly summarized recent progress in the field of mitotic chromosome dynamics. Since the discoveries of SMC proteins, cohesin, and condensins, almost 20 years ago, the field has gained a fundamental body of knowledge as to how chromosomes per se change their own conformations to support their own segregation. Although many, if not all, molecular players have been identified and the overall framework has been constructed, important and immense challenges lie ahead of us. First, we still have very limited information concerning the exact mechanisms of action of cohesin and condensins. Full reconstitution of these SMC complexes (along with their regulatory factors) from recombinant subunits, combined with development of robust functional assays, will be a daunting, yet inevitable, task to push the field forward (Murayama and Uhlmann 2014) . Gaining more quantitative information regarding the dynamics and actions of these chromosomal components both in vivo and in vitro will also be required before we are able to initiate practical efforts toward mathematical modeling of chromosome segregation.
Second, it has become increasingly clear that the machineries essential for mitotic chromosome dynamics are also directly involved in a number of nonmitotic chromosomal functions, such as gene expression, recombination/repair, and formation/maintenance of interphase chromosome architecture. The recent appreciation that hypomorphic mutations or misregulation of essential chromosomal components potentially cause severe developmental defects in humans is an exciting, conceptual progress that has prompted researchers in different fields to talk to each other. Such trends will undoubtedly continue in the years to come. It will also be important to determine to what extent mutations or misregulation of cohesin and condensin subunits might contribute to human cancers (Ham et al. 2007; Balbás-Martínez et al. 2013; Guo et al. 2013; Kon et al. 2013; Solomon et al. 2013) . Third, and, finally, all issues described above need to be addressed, also, from an evolutionary point of view. To what extent might eukaryotes and prokaryotes share the basic mechanisms of chromosome segregation? How could the conserved set of protein components manage to organize eukaryotic chromosomes in a wide variety of organisms whose average chromosome lengths range from 1 Mb (budding yeast) to 1800 Mb (newt)? Attempts to answer these questions will help lead us to a deep understanding of the origin of life, as well as the biodiversity we see currently on earth.
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